Conformational aspects of N-glycosylation of glycoproteins have been studied by using a series of peptides which contained, in addition to the 'marker sequence' Asn-Gly-Thr, two cysteine residues in various positions of the peptide chain. The presence of two cysteines permitted a partial fixation of the above triplet sequence in cyclic structures of various size by intramolecular disulphide bond formation. Comparison of the glycosyl acceptor properties of the linear peptides and their corresponding cyclic analogues allows the following statements. The considerably lower acceptor capabilities of the cyclic derivatives indicate that the restriction of rotational degrees of freedom imposed by disulphide bonding results in a conformation which hinders a favourable interaction of the peptide substrate with the N-glycosyltransferase. On the other hand, the glycosylation rate of linear peptides increases with increasing chain length, suggesting that the amino acids on both the N-and C-terminal side of the 'marker sequence' may contribute to a considerable extent to the induction of an 'active' conformation. Realization of a potential sugar attachment site requires a hydrogen bond interaction within the 'marker sequence' between the oxygen of threonine (serine) as the hydrogen bond acceptor and the fl-amide of asparagine as the donor [Bause & Legler (1981) Biochem. J. 195, 639-6441. This interaction is obviously facilitated when the peptide chain can adopt a conformation which resembles a fl-turn or other loop structure. The available experimental and statistical data are discussed in terms of possible structural features for N-glycosylation, with the aid of space-filling models.
The biosynthesis of the N-glycosidic linkage in glycoproteins occurs in a post-translational process which involves a complex interplay among the nascent polypeptide chain being extruded through the membrane of the endoplasmic reticulum, the synthesis of a particular oligosaccharide on a polyisoprenyl diphosphate as lipophilic anchor group and its transfer en bloc onto an asparagine residue of the acceptor protein (for review, see Struck & Lennarz, 1980) . Concerning the selection of an asparagine to function as sugar attachment site, it is suggested that the major determinants are encoded in the primary structure of the polypeptide chain itself.
First experimental support for the idea of a 'marker sequence' (Marshall, 1967; Neuberger & Marshall, 1968) was obtained from studies in oviduct (Pless & Lennarz, 1977) , thyroid (Ronin et al., 1978) , liver (Bause, 1979) and yeast (Bause & Lehle, 1979) which showed that exogenous peptides containing the triplet sequence Asn-Xaa-Thr could be glycosylated at asparagine when dolichyl diphosphate sugars were used as glycosyl donors. Recent work in our laboratory, carried out to study the functional role of the hydroxy amino acid in this 'marker sequence' for the process of glycosylation, has established that, besides its contribution to the formation of a recognition site, this amino acid might be directly involved in the catalytic mechanism of glycosyl transfer in that it is promoting the necessary proton transfer from the amide group of asparagine to a basic group of the N-glycosyltransferase (Bause & Legler, 1981) .
The occurrence of the above triplet sequence, however, is obviously not the only parameter that determines to what extent a given site in the 0306-3275/82/060761-08$01.50/1 (© 1982 The Biochemical Society polypeptide chain is glycosylated. In fact, it is found that only about one-third of known potential sugar attachment sites in eukaryotic proteins bear carbohydrate. Up to date, however, only little information is available about how additional determinants should look. The statistical studies of Aubert et al. (1976) and Beeley (1977) suggest that the process of sugar transfer onto the asparagine residue of the 'marker sequence' might be associated with the formation of specific secondary structures in the peptide chain. In order to explore this possibility, we have synthesized a series of model peptides which contained, in addition to the tripeptide sequence Asn-Gly-Thr, two cysteine residues in various positions of the peptide sequence. By means of the two cysteines, the linear peptides could be converted reversibly into their cyclic analogues by disulphide formation. We expected that alterations of the glycosyl-acceptor properties resulting from this modification might allow some statements about the conformation of the glycosyl acceptor site under conditions in vivo.
Materials and methods

Materials
The materials used and their sources were as follows: UDP-N-acetyl-['4C]glucosamine (sp. radioactivity 323 Ci/mol), The Radiochemical Centre, Amersham; t-butoxycarbonyl amino acids, ninhydrin, dicyclohexylcarbodi-imide and dithiothreitol, Serva; dolichyl phosphate, UDP-N-acetylglucosamine and Triton X-100, Sigma; Bio Beads S-X1, chloromethylated, Bio-Gel P4, 200-400 mesh, BioRad Laboratories; t-butoxycarbonyl-S-t-butylmercapto-L-cysteine, Fluka; silica-gel-coated glass plates and trifluoroacetic acid, Merck. All other chemicals were purchased from commercial sources in the highest purity available.
Preparation ofcalfliver microsomal membranes
Membranes were prepared in 50 mM-Tris/HCl buffer, pH 7.2, containing 0.25 M-sucrose by the use of a Potter homogenizer as described by Moule et al. (1960) . The homogenate was filtered through cheese-cloth and centrifuged at 100OOg for 30min. The supernatant was separated and recentrifuged at 480OOg for 120min. The Synthesis ofpeptides Peptides were prepared by the solid phase method as described by Merrifield (1963) and Erickson & Merrifield (1976) , using chloromethylated Bio-Beads S-X 1 as resin support. Amino acids were attached as their t-butoxycarbonyl derivatives by the dicyclohexylcarbodi-imide method, except for asparagine which was coupled as the p-nitrophenyl ester derivative. Side chain functions of threonine, serine and tyrosine were protected by benzylation. Cysteine was introduced as t-butoxycarbonyl-S-pmethoxybenzylcysteine or t-butoxycarbonyl-S-tbutylmercaptocysteine. Cleavage of peptides from the resin was done by treatment with anhydrous HF when the S-p-methoxybenzyl group was used as protecting group, or with HBr/trifluoroacetic acid in the presence of anisol as bromine scavenger in the case of S-t-butylmercaptyl protection. The latter protecting group was split off by reduction with dithiothreitol. The peptides were purified by gel chromatography on Bio-Gel P4 in the presence of 2mM-dithiothreitol with 1.0M-acetic acid as eluant.
Cyclization ofreducedpeptides
A diluted solution of the purified and reduced peptides was added dropwise and under pH control to a solution of 50mM-NH4HCO3, pH 8.5, to give a final peptide concentration between 0.01 and 0.05 mg/ml of solution. Oxidation in this high 1982 dilution favours cyclization over polymerization. After stirring for 24h in an open beaker to allow access of oxygen, no free thiol groups were detectable with Ellman's reagent. The oxidized peptide solution was concentrated to a volume of about lOml and then chromatographed on Bio-Gel P4 in 1M-acetic acid as solvent. The cyclic peptides were eluted slightly later on Bio-Gel P4 than their linear analogues which might be due to their more compact shapes. The cyclic peptides gave a single spot on t.l.c. in the solvent systems given under 'General procedures'. Their amino acid composition is given in Table 1. fl-Turn potentials oflinearpeptides fl-Turn potentials were calculated by using the predictive procedure of Chou & Fasman (1977) .
The relative probability of a tetrapeptide segment to form a i-turn is given as:
Pti =iA Xf+1 Xfl+2 xfi+3
where f describes the statistical frequency of an amino acid residue to be located in the corresponding position of the f-turn. Chou & Fasman (1977) have shown Pt >0.715x 10-`to be a reasonable cut-off for a fl-turn prediction. Helical and fl-sheet probabilities were not considered.
Generalprocedures
Dolichyl diphosphate [ '4Clchitobiose was prepared on a large scale and purified as described earlier (Bause & Hettkamp, 1979) . 5,5'-Dithiobis-(2-nitrobenzoic acid) (Ellman's reagent) was used for the qualitative and quantitative determination of free thiol groups (Ellman, 1959) . Radioactivity was detected either by radioautography on Sakura QH X-ray film or measured in a liquid-scintillation counter (Delta 300, Searle Analytic) using Bray's reagent as counting fluid (Bray, 1960 
Results
Characterization of acceptor peptides and time dependence ofglycosyl transfer Table 1 summarizes the amino acid composition of the various peptides which were used in this study. All peptides contain the 'marker sequence' AsnXaa-Thr and, with the exception of the hexapeptide Tyr-Asn-Gly-Thr-Ser-Val, two cysteine residues.
The peptide chain length between the cysteine residues varies from two amino acids in peptide II up Vol. 203 to six in peptide I. The glycosyl acceptor properties were determined according to the standard assay procedure as described under Methods, using Dol-PP-[ 4C]chitobiose as glycosyl donor and a particulate membrane fraction of calf liver as enzyme source.
Because of the high susceptibility of the free thiol groups in the linear peptides towards oxidation, they were generally handled and stored in the more stable cyclic form. The glycosyl acceptor capabilities of the linear derivatives were measured after reduction of the corresponding cyclic peptides with an excess of dithiothreitol. Reoxidation was prevented by the addition of 5 mM-dithiothreitol to the incubation medium. Measurements with peptide VII as acceptor showed that the presence of dithiothreitol in the incubations had no effect on the activity of the N-glycosyltransferases.
A typical experiment characterizing the glycosylation of several cyclic and linear peptides as a function of time is represented in Fig. 1 . The time course shows linearity of glycosyl transfer up to about 10min. It was observed that in some cases substantial deviations from linearity occurred when longer incubation times were applied. This was shown to be mainly due to proteolytic activities present in the microsomal preparations. The hydrolytic breakdown of peptides could not be overcome by the addition of proteinase inhibitors like pepstatin, leupeptin or other inhibitors of serine proteinases. The results outlined in Fig. 1 indicate that the glycosylation rates are obviously dependent on the size of peptides and increase with increasing chain length. Strikingly, the cyclic derivatives seem to be poorer acceptors than their linear analogues. In the case of peptide VI, the cyclization is accompanied by a total loss of its glycosyl acceptor properties.
Comparison ofglycosyl acceptor properties of cyclic and linearpeptides in terms ofKm and Vmax
In order to allow a better and more reliable interpretation of the differences in the glycosylation rates, we have determined Km and Vmax for the cyclic and linear peptides, respectively. The results of these measurements are summarized in (Eadie, 1942; Hofstee, 1952) . The data were obtained with the same membrane preparation and a glycosyl donor of identical specific radioactivity and thus are directly comparable. Km as well as decreases in Vmax.. In fact, the initial transfer rates for the cyclic peptides I, II and V are impaired by about 15-fold in comparison with the linear derivatives. In contrast with that, the effect of cyclization is rather small on peptide IV, whereas for peptide III neither Km nor Vma. are affected. The latter peptide differs from the other cysteine-containing acceptors in that one cysteine residue is occupying the Xaa position of the 'marker sequence'. Disulphide formation leads, in this case, to the fixation of the asparagine residue only, whereas the C-terminal peptide segment including the threonine of the 'marker sequence' remains fully flexible. The observed influence of chain length on the glycosylation rates of the linear peptide acceptors appears to be mainly due to increases in Km rather than decreases in Vmax, whereas the opposite seems to be true for the cyclic derivatives.
Discussion
Recent studies in our laboratory have established that the hydroxy amino acid in the 'marker sequence' Asn-Xaa-Thr(Ser) plays a substantial role in the catalytic process of glycosylation (Bause & Legler, 1981 (1) The linear nonapeptide I was found to be the best glycosyl acceptor, as is documented by its highest Vmax /Km value. The shortening of this peptide on the C-terminal side of the 'marker sequence' by the 
Vmax.
Amino acid sequence Cys-Tyr-Asn-Gly-Thr-Ser-Val-Cys-Gly Cys-Tyr-Asn-Gly-Thr-Cys-Gly Cys-Tyr-Asn-Cys-Thr-Ser-Val Cys-Asn-Gly-Thr-Ser-Val-Cys-Gly Cys-Asn-Gly-Thr-Ser-Cys-Gly Cys-Asn-Gly-Thr-Cys-Gly Tyr-Asn-Gly-Thr-Ser-Val * Estimated from initial glycosylation rate. enable the transfer of a proton from the side chain of asparagine onto a basic group at the active site of the N-glycosyltransferases. It is evident that any attempt to discuss conformational aspects with the various acceptor peptides has to take into account the extent to which the asparagine/threonine (serine) pair can fulfil this function.
Km (j
The kinetic data, which are summarized in Table  2 , allow several general statements. First of all, they show that the glycosylation rates of the linear peptides are strongly dependent on the peptide chain length. This finding points to an obviously essential character of the amino acids adjacent to the 'marker sequence' as is confirmed by earlier systematic studies on the same subject (Bause & Hettkamp, 1979) . The elongation of the peptide chain, however, has a more pronounced effect on Km rather than Vm., which suggests that the corresponding amino acids affect binding parameters rather than the catalytically important interaction between asparagine and the hydroxy amino acid within the 'marker sequence'. The influence of additional amino acids is less transparent for the cyclic derivatives. Here, the constraints imposed by disulphide formation apparently predominate over those effects which result from a corresponding alteration of the peptide chain length.
The cyclic peptides show, with the exception of peptide III, generally a lower ability to function as glycosyl acceptors than do their open-chain analogues. Obviously, cyclization results in a conformation that strongly impairs glycosylation. In fact, it seems that the restriction of the rotational degrees of freedom caused by disulphide formation renders a correct orientation between the particular asparagine and the threonine side chain more difficult or abolishes it altogether. The latter case applies to the Vol. 203 hexapeptide VI, which is the only peptide where glycosyl acceptor activity is not detectable. Extension of the ring by incorporating only one additional amino acid on either side of the 'marker sequence' (peptides II and V) which is associated with a corresponding increase in its flexibility, already results in peptide derivatives that are able to accept sugar, although the observed glycosylation rates are rather low (see the Vmax/Km values). Reasonable acceptor qualities require the further incorporation of amino acids into the peptide ring (peptides IV and I) without being able, however, to cancel the constraints resulting from disulphide bond formation.
Applying the predictive procedure of Chou & Fasman (1974) to amino acid sequences adjacent to carbohydrate-bearing asparagine residues of glycoproteins led to the observation that glycosylated asparagines had a high statistical probability of occurring in peptide regions that favour the formation of fl-turn or other loop structures (Aubert et al., 1976; Beeley, 1978) . Proceeding on this assumption we have tried, by the use of space-filling models, to develop conformational concepts that fit the above statistical as well as the various experimental results described here and in earlier studies.
The simulation of a fl-turn conformation with space-filling models reveals that the particular hydrogen bond interaction between the side chains of asparagine and the hydroxy amino acid is only capable of being produced when the asparagine residue occupies the first (i) or third (i + 2) position of the fl-turn, whereas a contact between both amino acids is obviously not possible with asparagine being located in the second (i+ 1) position. This observation indeed agrees fairly well with the statistical frequencies of occurrence of glycosylated aspara- The space-filling model of the linear hexapeptide Cys-Asn-Gly-Thr-Cys-Gly, which is represented in Fig. 2 as a photograph, gives a rough idea of how the hydrogen bond interaction between the side chain of asparagine and the hydroxy amino acid might; look like. The peptide chain is here arranged as an (i + 4) loop structure with asparagine in the first (i) position. It is stabilized by a hydrogen bond between the a-carbonyl of asparagine (i) and the a-amide of the C-terminal glycine (i + 4). The distance between the two cysteine residues in this presumably 'active' conformation is rather large, which suggests that the cyclization of the peptide via disulphide bond formation will not be possible without breaking the contact between asparagine and threonine. In fact, this can be deduced from the peptide model and is confirmed experimentally by the lack of acceptor properties of the cyclic derivative (see Table 2 ). In agreement with the experimental results, the model of the heptapeptide Cys-Tyr-Asn-Gly-Thr-Cys-Gly (Fig. 3) demonstrates that, obviously due to the higher flexibility, a correct orientation within the 'marker sequence' is not prevented by disulphide formation. However, the rather low transfer rate for this peptide indicates that this conformation might be less favoured.
Peptide III, the only peptide that exerts identical glycosylation rates in its linear and cyclic form, differs from the other cysteine-containing peptides by the fact that not the complete 'marker sequence', but asparagine only is framed by the cysteine residues. In this configuration, the C-terminal peptide 'tail', including the catalytically active threonine, remains flexible. This flexibility seems to be great enough to surpass any negative effects resulting from the fixation of asparagine after cyclization. The simulation of this peptide in a model (Fig. 4) Vol. 203
We have calculated, by applying the predictive procedure of Chou & Fasman (1977) , the fturn-forming potentials of linear acceptor peptides for all tetrapeptide segments which contained the asparagine residue of the 'marker sequence'. The predictive Chou and Fasman method is based on observed frequencies of the occurrence of various amino acids in a-helical, fl-sheet and f-turn regions of proteins, the structures of which are known from X-ray crystallographic data. Our calculations, the results of which are not shown in detail, revealed a generally high statistical potential for the particular asparagine to be involved in the formation of fl-turn or loop structures. At first sight, this elevated structure-forming potential appears to be rather meaningless, because shorter peptides exist in aqueous solution as a statistical mixture of flexible conformers. It is well known, on the other hand, that even small peptides may assume an ordered conformation when they are transferred into a hydrophobic environment or into a solvent less polar than water. As the binding process of the acceptor peptides to the active site of N-glycosyltransferases is accompanied by an alteration of their hydrophilic environment, it is likely that the 'active' conformation is being induced as the binding process is progressing. In that case it is imaginable that the adoption of an ordered 'active' conformation might be facilitated due to the corresponding structureforming potentials of peptides. The idea of an 'induced conformation' would, at least for studies in vitro with shorter acceptor peptides, delineate a plausible explanation that alterations in the peptide region adjacent to the 'marker sequence' obviously affect binding parameters rather than Vmax. Disulphide bonds, on the other hand, would hinder or prevent the full development, of this specific conformation, which might explain the similar, but substantial, decrease in the relative glycosylation rates of some cyclic peptides in comparison with their linear analogues.
The various results taken together show that the formation of a carbohydrate attachment site is regulated and presumably determined by a combination of several factors. Fundamentally, interaction between asparagine and the hydroxy amino acid of the 'marker sequence' must be possible. This is realized optimally when the peptide chain can adopt a conformation resembling a fl-turn or other loop structures. The induction of the 'active' conformation requires additional amino acids on both the N-and C-terminal side of the 'marker sequence'.
